This article reports on the synthesis, crystallographic and magnetic structure of barium-doped BiFeO 3 compounds with approximate composition Bi 1-x Ba x FeO 3-x/2 , as well as of the fluorinated compounds Bi 1-x Ba x FeO 3-x F x (both with x = 0.2, 0.3), prepared by low-temperature fluorination of the oxide precursors using polyvinylidenedifluoride, PVDF. Whereas the oxide compounds were obtained as cubic (x = 0.2) resp. slightly tetragonal (x = 0.3, c/a ~ 1.003) distorted perovskite compounds, a large tetragonal polar distortion was observed for the oxyfluoride compounds (c/a ~ 1.08 for x = 0.2 and ~ 1.05 for x = 0.3), being isostructural to tetragonal PbTiO 3 . Although described differently in previous reports on Ba doped BiFeO 3 , the observed remanent magnetisation is found to agree well with the amount of BaFe 12 O 19 only detectable by neutron diffraction and the well-known magnetic properties of BaFe 12 O 19 . The oxyfluoride compounds show G-type antiferromagnetic ordering with magnetic moments lying in the a/b-plane.
Introduction
Piezoelectric, particular ferroelectric materials are important for the use in many devices 1 , with Pb(Ti,Zr)O 3 being the dominant choice in industrial applications such as ink jet printers, gas igniters, micro-positioning systems, sonar, medical ultrasonic transducers or actuators for fuel injection 2, 3 . However, for toxicological reasons there is high interest in making lead-free perovskite based ferroelectric piezoceramics 4, 5 using highly abundant, environmentally friendly, low-cost elements. In this respect various solid solutions of bismuth-based compounds, such as Bi 0.5 Na 0.5 TiO 3 , Bi 0.5 K 0.5 TiO 3 , or BiFeO 3 have been widely studied [6] [7] [8] [9] [10] . In the case of BiFeO 3 , it is of significant interest but generally has an intrinsic conductivity that is too high to be useful 11 . In the last decade, this material gained broader interest for its multiferroic properties, which potentially make it attractive in the field of data storage [12] [13] [14] [15] [16] [17] [18] . Both ferroelectric and antiferromagnetic ordering of BiFeO 3 are stable with Curie and Néel temperatures of 1098 K and 643 K 11 .
The structure of BiFeO 3 can be derived from the cubic perovskite structure. Under ambient conditions, the compound crystallizes in the trigonal polar space group R3c and shows spiral antiferromagnetic ordering 19 . It has been reported that the crystal structure can be affected by chemical doping as well as by introducing strain when preparing the material in thin film form. Usually, attempts to replace Bi 3+ by a lower valent alkaline earth ion AE 2+ (resulting in the formation of vacancies at the same time following a composition of Bi 1-x AE x FeO~3 -x/2 ) [20] [21] [22] [23] [24] [25] or by isovalent La 3+ (to form Bi 1-x La x FeO 3 ) 26, 27 , leads to transformation to a (pseudo)cubic perovskite compound with increasing amount of the dopant. It should be noted that although the cubic space group is centrosymmetric, and thus theoretically prohibitive for the adaptation of a ferroelectric polarization, the local symmetry has been shown to be lower for a variety of compounds [28] [29] [30] [31] [32] . A change from trigonal to tetragonal was reported for the preparation of compounds of the system BiFeO 3 -PbTiO 3 , i. e. by co-doping BiFeO 3 on the A and B site with Pb 2+ and Ti 4+ ions respectively 33 , a single phase material with a large c/a-ratio of ~ 1.19 was observed.
For the preparation of thin films, the substrate and the deposition condition has been shown to be highly influential in determining the kind of distortion which is induced by the perovskite compound. Theoretical calculations predict the formation of a tetragonal P4mm type distortion only for conditions which induce a high degree of strain for pure BiFeO 3 14 . By this approach, a large tetragonal splitting with a c/a-ratio of ~ 1.25 can be induced for thin films deposited on SrTiO 3 , which is often described as supertetragonal. In addition, it was shown that chemical substitution of Bi 3+ for Ba 2+ can also introduce a tetragonal distortion in thin films at far lower strains 34 , and also A-site doping using neodymium has been shown to be successful in this respect 35 . Furthermore, Iliev et al. reported that supertetragonal BiFeO 3 should be favorable in terms of higher ferroelectric polarization values and simpler switching properties 36 .
So far, no tetragonal P4mm type AFeX 3 type phase (A = mainly Bi 3+ , X = mainly oxygen) has been reported apart from thin film preparations, and computational results indicate that such a phase should be energetically less stable 14 .
Topochemical manipulations are important reaction types especially in the field of battery type materials [37] [38] [39] and for switchable material properties 40 . They are widely studied reaction types for directing structure properties of perovskite type materials 41 . Among them, low temperature fluorination reactions [42] [43] [44] are viable tools to influence the composition of the anion sublattice, to alter material properties (such as the introduction of superconductivity [45] [46] [47] ) as well as to study the effect on magnetic structures and behaviour 48, 49 , but are also interesting from a purely structural point of view in terms of anion ordering, whose understanding "would be critical if we are to utilize anion substitutions effectively to tailor the properties of materials" 50 . Such reactions are usually necessary (instead of simple high temperature reactions, which only work for few compounds for low fluoride contents [51] [52] [53] [54] [55] ) due to the high stability of the alkaline earth fluorides AEF 2 and lanthanide oxyfluorides LnOF. A variety of fluorination agents have been used for such topochemical reactions, among them F 2 , NH 4 F, MF 2 (M = Cu, Zn), XeF 2 (see Ref. 56, 44 for an overview), and it was recently shown that topochemical fluorination reactions can even be performed using electrochemical methods 57 . However, for the preparation of iron containing oxyfluoride perovskites polyvinylidenedifluoride, PVDF 56 , has proved to be a viable fluorination agent, and the compounds SrFeO 2 F 58, 59 , BaFeO 2 F (so far known in three different modifications) 60 Therefore, if one wants to modify BiFeO 3 using PVDF, substitution of the Bi 3+ ion by lower valent alkaline earth ions will be required to make this reaction type applicable.
In this article we report on the first synthesis of tetragonal (P4mm type) Bi 
Diffraction experiments
X-ray powder diffraction (XRD) patterns of the oxide and oxyfluoride compounds were recorded on a Bruker D8 diffractometer with Bragg-Brentano geometry and a fine focus X-ray tube with Cu anode. No primary beam monochromator was attached.
A VANTEC detector and a fixed divergence slit (0.1 °) were used. The total scan time was 10 hours for the angular range between 5 and 130° 2θ.
High-temperature X-ray powder diffraction (XRD) patterns of the oxyfluoride compounds were recorded on the same setup (except for using a 0. using the NPD data collected in all of the HRPD detector banks 1-3 at room temperature as well as the XRD data.
Magnetometric measurements
Field-dependent DC susceptibility measurements were performed using a Quantum Design MPMS-XL 5 SQUID magnetometer at 300 K between 0 and 4.8 T. 72 . The isomer shift is quoted relative to metallic iron at room temperature.
Mössbauer measurements

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)
EDX spectra have been recorded for Bi 1-x Ba x 
Electrical Measurements
The sample powders were cold-isostatically pressed at 300 MPa ( Although we cannot rule out small deviations from the ideal stoichiometry (e. g. The as synthesized oxide products were obtained as a (pseudo)cubic perovskite compound for x = 0.2, resp. a slightly tetragonal distorted perovskite compound for Since this phase shows magnetic ordering up to high temperatures (T C = 450 °C 77 ), its magnetic reflections were also present in the pattern and could be described using the magnetic structure reported previously 78 , with a magnetic moment of ~ 4 µ B per Fe 3+ ion. The presence of BaFe 12 O 19 is understandably far more difficult to be detected in the XRD data, which is reasonably explained by the fact that it contains mainly weaker scatterers compared to the main perovskite phase and also that its main reflection overlaps with the tails of the most intense (1 1 0) perovskite reflection.
In contrast, the weaker neutron scatterers This value is similar in magnitude to those reported for other Fe 3+ containing perovskite compounds at room temperature 55, 62, 66, 63, 79 . Since a hypothetical canting moment would be very small (< 0.1 µ B per Fe atom) and due to the limited number of magnetic reflections present, such canting of the magnetic moment would be too small to be refined reliably from the NPD data. However, from the absence of further magnetic (superstructure) reflections or satellites, we conclude that the spiral magnetic order of BiFeO 3 is indeed destroyed by A-site doping with Ba 2+ 19 .
No further reflections could be detected for x = 0.2 (neither in the XRD nor in the NPD data) apart from the ones belonging to the nuclear and magnetic phases reported above. For x = 0.3, one additional reflection at d ~ 3.199 Å was detected but could not be assigned to one of the mentioned phases.
From XRD data alone, Khomchenko et al. 68, 69, 21, 23 and Wang et al. 80 have reported that Bi 1-x Ba x FeO 3-x/2 crystallizes in the trigonal space group R3c, being isotypic to the aristotype BiFeO 3 . With regards to their diffraction patterns and/or reported trigonal lattice parameters, no superstructure reflections due to the lowering of symmetry from Pm-3m to R3c are visible in the patterns shown and also the trigonal lattice parameters appear to be close to pseudocubic, approximately following the simple relation c R3c ~ a R3c *6 0.5 . The Bi ion also does not shift far from its position for a pseudocubic arrangement of (0, 0, ¼) with z ~ 0.254 (compared to z ~ 0.22 reported in 81 ). In contrast, Dachraoui et al. 29 report on the formation of a cubic structure for Bi 0.81 Pb 0.19 FeO 2.905 . However, by the use of TEM and from their structural analysis of synchrotron XRD data, it was found that the local symmetry is lower, with shifts of Bi ions along [1 1 0] or [1 1 1] , and that the vacancy order cannot be considered to be random. In addition, the cubic space group was also reported for Ca-doped BiFeO 3 by Chen et al. 22 .
A non-polar tetragonal superstructure was reported for compositions close to in Figure 1 and Figure 2 ; the structural data are listed for Bi 0.8 Ba 0.2 FeO 2.9 and for Bi 0.7 Ba 0.3 FeO 2.85 in Table 2 and Table 3 .
For both compounds, we tried to allow for displacement of the Bi and O ion along the Bi
In addition, we found that the reflections of the perovskite phase showed anisotropic broadening (e. g. the (1 1 1) reflection and higher orders thereof suffer from the lowest broadening, similar to that reported by Dachraoui 19 and could be refined using the magnetic structure reported previously 78 .
To study the detailed crystallographic (and also magnetic structure, see section ).
Comparing the fits to the neutron and X-ray diffraction patterns for both structural models, we found strong indication that the polar space group (compared to a model Figure 5 . This is also confirmed applying Hamilton's R-test 86 on the R Bragg values for the different models, which shows that the P4/mmm model can be rejected at the 0.005 level (again see Supplementary Material). Evaluating the widths of the reflections of the X-ray diffraction patterns and their angular dependence, indicate the presence of both microstrain effects and crystallite size effects contribute significantly to reflection broadening. In addition, we also found that the (0 0 l) reflections are significantly broader than the respective (h 0 0) reflections. Therefore, we had to introduce a model which allows for a more flexible refinement of reflection broadening for the two different crystallographic axes (again by the use of spherical harmonics). Furthermore, we estimated a sort of directional microstrain ε 0,a and ε 0 , c by using a fit model with multiple perovskite phases with different lattice parameters (which we define as the fraction of the standard deviation of the lattice parameter to the mean lattice parameter) and found that ε 0,c is nearly tripled compared to ε 0,a (see Table 4 and Table 5 , absolute coordinates with respect to the centre of mass are given in the Supplementary Material) .
It must also be mentioned that we had to include a second fraction of the perovskite compound to refine the diffraction patterns properly. This is likely due to the tetragonal perovskite not only showing broadening due to strain, but that this broadening is also asymmetric, with slightly higher intensities for c/a-ratios closer to 1 compared to c/a-ratios above 1.08 (for x = 0.2) and 1.05 (for x = 0.3). These fractions are however found to be at a far lower level than the main tetragonal perovskite The refined structural parameters for Bi 1-x Ba x FeO 3-x F x are listed in Table 4 and Table   5 , and a drawing of the crystal structure is exemplarily shown for x = 0.2 in Figure 6 (both compounds are structurally very similar). Bi 1-x Ba x FeO 3-x F x (x = 0.2, 0.3) show a high similarity to the ferroelectric compound PbTiO 3 , i. e. the same kind of off-center shift for the ions by a similar magnitude was observed. In PbTiO 3 the lone pair of the ns 2 cation (Pb 2+ ) is known to be directed towards where the Ba ion is located in Bi 1-x Ba x FeO 3-x F x , and so in Bi 1-x Ba x FeO 3-x F x , a similar directional orientation of the lone pair must therefore also be considered to be highly likely (see Figure 6b ). Furthermore, if we consider that the volume changes per fluoride ion (-1.02 Å³/Ffor BaFeO 2.5 and 0.65 Å³/Ffor SrFeO 2.5 ) are significantly smaller than for the fluorination of Bi 1-x Ba x FeO 3-x F x (7 Å³/Ffor x = 0.2 and 3.7 Å³/Ffor x = 0.3), we can conclude that the space of the vacancy is likely to have been occupied by the lone-pair of Bi 3+ in the oxide compounds, which is well known to act as a pseudo-anion 91 .
Although the ns 0 cation Ba 2+ does not participate in the off-center displacement and shifts towards the "ideal" position 0, 0, 0 in relation to the position of the Fe atom, the overall polar distortion remains stable in the fluorinated compounds. It must be mentioned at this point that a similar quality of fit was observed when fixing the Ba and Bi ion to the same position which is refined to 0, 0, ~ -0.07 then, without significant change of the positions of the other ions. However, since the refinement proved to be stable and converged properly using a split site for this compound (which would chemically make sense), we have given the split parameters in Table 4 and Table 5 .
The adaption of the tetragonal distortion is in contrast to what was found for Ladoped BiFeO 3 compounds (Bi 1-x La x FeO 3 ; isovalent substitution of Bi 3+ by La 3+ ) for which a transformation towards a pseudocubic structure is obtained for a far lower degree of doping (around x = 0.1 deduced from the diffraction patterns shown in 27 ).
The difference in ionic radii between La 3+ and Ba 2+ is large (1.36 vs. 1.61 Å for 12-fold coordination 90 ) and it has already been shown that structural distortions found in the series La 1-x Sr x FeO 3-x F x (0 ≤ x ≤1, also monovalent Fe 3+ for all compositions) for increasing La content arise from the fact that the La 3+ ion tries to lower its effective coordination number 65, 66 . In contrast, a high thermal displacement parameter of the Fe atom was observed for BaFeO 2 F, indicating that a local polar displacement is likely in this compound, although an overall cubic perovskite structure was observed 60 . Therefore, the larger Ba 2+ and its compatibility with local 12-fold coordination might facilitate the formation of the polar tetragonal distortion for the compounds Bi 1-x Ba x FeO 3-x F x , whereas local structural distortions for La 3+ would just be too strong to maintain the stereochemical activity of Bi 3+ over larger crystallite sizes.
There also appears to be a clear difference for the Bi 1-x Ba x (estimating the radius of Bi 3+ to 1.36 Å for 12 fold coordination by interpolation).
However it is worth mentioning that such a disc like thermal ellipsoid could also arise from the disorder on the A site and shifts of the oxygen ion away from the lone pair of Bi 3+ towards a Ba 2+ ion in the same plane. The slightly rod like shape of the thermal ellipsoid of the Fe atom can be explained by a partial split position: for octahedra surrounded by a higher number of Ba 2+ ions, the Fe ion is more likely to shift towards the center of the octahedron, whereas for octahedra surrounded by a higher number of Bi 3+ ions, a shift away from this center towards one corner of the octahedron would be plausible.
Additionally, the direction dependent broadening of the reflections is also in good agreement with the assumption of the lone pair pointing along the c-axis. Since the Bi 3+ and the Ba 2+ ion strongly differ in the shape of their electron shell (i. e. rod like vs. sphere like), this would cause a stronger fluctuation of the lattice plane distances along the direction in which the lone pair is pointing at, namely the c-axis for
It might be worth mentioning that attempts to synthesize oxyfluorides with a lower Ba-content (i. e. lower values of x) did not result in the formation of phase pure compounds although the precursor oxides appeared to be single phase perovskite compounds. Instead, mixtures of two perovskite type phases (trigonal R3c and tetragonal P4mm) were observed. Since no single phase products could be obtained, those compositions haven't been investigated further. However, this is not indicated in fits using the magnetic space group 1.1 and applying proper constraints to the directions of the magnetic moments between different crystallographic sites (the canting moment would just be too small to be refined reliably), although such a very small canting moment cannot be ruled out entirely by the analysis of the NPD data.
Analysis of the magnetic structure of Bi 1-x Ba x FeO
High temperature X-ray diffraction experiments
High temperature X-ray diffraction experiments were performed to determine the decomposition and phase transition behavior of the as prepared oxyfluorides. We found that on heating the compounds to a temperature of approximately 400 °C, the tetragonal polar distortion remains stable and the c/a-ratio also stays nearly constant.
On cooling down the compounds to room temperature when not heated above 400 °C, we found that the lattice parameters match very well to what was found during the heating procedure (see Figure 7 ). When heating the compound to temperatures above 400 °C, a change from tetragonal towards cubic was found. This structural change is accompanied by the formation of BaF 2 , which is a well-known decomposition product for BaFeO 2 F type compounds 64, 62, 63 (also see end of this paragraph). On cooling down from temperatures ≥ 450°C, the tetragonal distortion was not found to be reappearing, highlighting that the use of topochemical reactions is inalienable for the preparation of oxyfluorides for compounds of the system Bi The decomposition of the compounds at elevated temperatures and the subsequent analysis of the decomposition products can be used to prove that incorporation of F into the perovskite lattice was indeed successful (as was already shown in previous articles 64, 65, 62, 63 Figure 8 ) with an isomer shift characteristic for iron in trivalent oxidation state was found (see Table 6 ), and the finding of a sextet agrees well with the magnetic structure determined via neutron powder diffraction. However, to obtain a proper fit of the spectrum, a Gaussian type distribution of magnetic fields as well as quadrupole interaction parameters had to be assumed. Such an assumption is reasonable, since due to the disorder of ions in the compound (e. g. Bi/Ba and O/F) local variations in the exact kind of ion environments will have to occur, and the fact that the quadrupole interaction parameter shows a broader distribution (compared to the distribution of the magnetic hyperfine field parameter) agrees well with this observation. 
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Magnetic characterisation of Bi 1-x Ba x FeO 3-x/2 and Bi 1-x Ba x FeO 3-x F x
Field dependent measurements of the magnetisation are shown and discussed for 19 and its known magnetic properties (see Figure 9 ), and found that they agree very well within errors (which mainly arise from the quantification of this phase). This explains why the curves of the oxide and oxyfluoride are more similar for the inlay (the ideal molar masses of the oxide and oxyfluoride differ to approximately 1 %) compared to the main figure, for which the magnetisation had to be divided by the weight fractions of 2.0 respectively 1.7 wt-% determined for BaFe 12 O 19 . No canting of the magnetic moment of the perovskite compound needs to be assumed to explain the observed magnetic moments, and this is also in agreement with the analysis of the magnetic structures of the oxide as well as the oxyfluoride compounds reported in sections 3.1 and 3.2. We also found an increase for the magnetisation for increasing Ba content. This is in agreement that for such increase of Ba-content, an increase of the amount of 
Summary
In this article we have shown that tetragonal PbTiO 3 
